It has been known for many years that sugar solutions have a slight effect in protecting living cells against damage during freezing and thawing (Smith, 1953) . Polge, Smith & Parkes (1949) discovered that spermatozoa could be frozen and thawed without loss of motility if glycerol or some similar polyhydric alcohol was included in their suspending medium. Investigation of the protective action of glycerol was facilitated by the observation that red blood cells also were protected by glycerol against the adverse effects of freezing and thawing (Smith, 1950) . The nature ofthe destructive processes which take place when red blood cells are frozen and thawed, and of the protection given by glycerol was then, described (Lovelock, 1953 a, b) . Briefly, damage on freezing is a consequence ofthe increase in concentration of electrolytes within and without the cell. In the presence of glycerol the electrolyte concentration at temperatures below the freezingpoint is greatly diminished, by an amount sufficient to explain the protection afforded by glycerol.
The effect of glycerol in lowering the concentration of electrolytes in equilibrium with ice at temperatures below O0 is a simple consequence ofthe colligative properties of solutions. It follows that the protective action of glycerol is unlikely to be cular weight which are non-toxic and which can permeate the cell should also protect it.
The high efficiency of glycerol in protecting cells against damage attendant on -freezing made it of some interest to investigate the protective action of other substances satisfying the requirements given above. This was partly with a view to seeking a still more effective substance, but also to check this prediction arising from the provisional explanation of the action of glycerol.
This Procedure for freezing suspensionm of red blood cells. All experiments were made in flat-bottomed tubes (length 10 0 cm., diameter 0-5 cm., and wall thickness 0-1 cm.). The usual experimental procedure was to place 0-1 ml. of packed cells in one of these tubes followed by 0-9 ml. of suspending medium. After allowing sufficient time for the permeation of the cells by the solute, the suspension was cooled by immersion in a bath set at the required temperature. It was left in the bath for 10 min. after freezing had occurred, either spontaneously or by seeding with an ice crystal. The suspension was thawed by immersion in a water bath at 200.
RESULTS
Haemolysis of red blood cells on freezing in solutions of NaCl containing various non-ionic solutes The results also show that the prevention of haemolysis in the critical region 0 to -40°is only possible with those solutes which permeate the cells. Glucose and xylose, to which the cell is only partially perneable, offer only partial protection, and sucrose, to which the cell is impermeable, offers little or no protection. Solutes which are toxic, such as methanol and acetamide, are effective in reducing or preventing haemolysis in the region between 0 and -400, but with these there is a second critical Vol. 56 The damage suffered by red blood cells when they are frozen and thawed occurs almost entirely as a result of exposure to an excessive concentration of electrolyte within and without the cell. In sodium chloride solutions the human red blood cell suffers irreversible damage at salt concentrations exceeding a molar fraction of 0-014 (m.p. -3°approx.). This critical concentration is substantially independent of temperature over the range 40 to -350 and also of glycerol concentration (Lovelock, 1953a, b During freezing, ice separates as a pure substance, and the concentrations of salt and solute therefore increase in the same proportion. If the sodium chloride concentration above which irreversible damage takes place is n times the initial sodium chloride concentration x, the depression of the temperature below 00 at which damage will first occur is ATD= Kn(2x + y), or, more conveniently, the concentration of solute required to prevent irreversible damage at a temperature given by the depression ATD is to be greater than y, where
ATD-2Knx
Kn For a suspension of human red blood cells in 0 16M-NaCl (i.e. y = 0), the value of n is 5 0; and if the concentrations are expressed as mol. fractions, x is 0-00286 and K is 105. Substituting these values in the equation above gives ATD -3 Y 525 The concentration of solute y is here expressed as a mol. fraction.
The line drawn according to this relationship is shown in Figs. 2 and 3 together with the experimentally observed molar fractions of the various solutes found necessary to prevent haemolysis. These figures indicate that with glycerol there is a remarkably close agreement between theory and practice. Solutes which fail to penetrate the cells completely, e.g. glucose and xylose (Fig. 3) , and acetamide; 0, ethylene and proj glycerol; x, di-and tri-ethylene glyc solutes which are toxic at high concentrations, particularly methanol, ethanol, acetamide, and e formamide (Fig. 2) , show deviations from the theoretical line which increase with increasing concentration of solute. When the molar fraction of e solute exceeds 0-04 some deviation occurs with all the solutes tested except glycerol. It is possible that o * this 'ideal' behaviour of glycerol is a consequence of o its unique lack oftoxivity. Non-penetrating solutes, x e.g. sucrose, show no protection at any concentration. The rapid decrease in haemolysis at temperatures below -400 has not yet received an explanation in quantitative terms. With glycerol it was shown (Lovelock, 1953b ) that a decrease in the rate of haemolysis occurs at temperatures below -35'. At these low temperatures also, the solubility of some of the salts within the cell, e.g. potassium chloride, may be insufficient to cause damage. At sufficiently -30 -40 low temperatures both of these factors must cause a diminution ofhaemolysis. It remains to determine lute concentration, which, if either of them, is capable of accounting for the temperature to the observed decrease of haemolysis.
be frozen without On the basis of the results it is possible to confirm s the solute conen. the desiderata for an ideal agent for protection fthe concns. found against damage during freezing and thawing. They Lstrated include only are as follows: (1) high solubility in aqueous salt meable. They are as solutions at temperatures from +40 to -400; e, formamide and (2) ability to permeate the cell rapidly and compylene glycols; + s pletely; (3) low molecular weight; and (4) absence of ')l; *),mono-acetin. toxicity, even when in great excess.
Of all the substances tested, glycerol alone is capable of filfilling all these requirements. Indeed, it is unlikely that any substance exists which is as effective as glycerol in protecting the human red blood cell against the adverse effects of freezing and thawing. In the practical preservation ofhuman red blood cells other considerations than protection during freezing and thawing are important, e.g. the 7 ease with which the protective agent can be removed from the cells, and the prolonged survival at low temperatures. In choosing a substance for the practical preservation ofred blood cells these factors also must be taken into account. Even so, it seems unlikely that a substance better than glycerol will be found. Quantitative experiments A quantitative study was made of the excretion of glucuronic acid and ethereal sulphate by rabbits before and after they had been dosed with naphthalene. Two expeieiments were carried out. In the first the urine of four rabbits was analysed for glucuronic acid and ethereal sulphate on the three consecutive days immediately before the administration of a sifigle dose of naphthalene to each rabbit. Naphthalene (1 g./kg. body wt.) was administered by stomach tube as a 15% (w/v) soln. in liquid paraffin. Daily analysis ofthe urine was then continued until the glucuronic acid and ethereal sulphate exoretion had returned to the pre-dosing level. The second experiment was carried out on another four rabbits in the same way as the first except that 24 hr. after the first dose of naphthalene had been given, each rabbit received a secQnd dose of the same size as the first. 
